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By using magnetic force microscope ~MFM!, honeycomb domain structures were found in the
as-deposited amorphous TbFe thin films with perpendicular magnetic anisotropy. The domain
structures were composed of many small white round dots embedded in the black matrix, which
formed an irregular hexagonal pattern with some deformation. MFM measurements were performed
with various scanning heights and opposite tip magnetization directions. The z component of both
the magnetization and the stray field of the dots were determined quantitatively within the point
probe approximation. Charge contrast and susceptibility contrast were separated by forming the
difference and sum of two images with opposite tip magnetization. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1540127#Perpendicular uniaxial magnetic anisotropy Ku together
with a suitable Curie temperature Tc , coercivity, Kerr rota-
tion, and optical reflectivity have made quaternary alloys re-
lated to a-TbFe the materials of choice for magneto-optic
recording. The structural and magnetic properties and vari-
ous domain structure, which are closely related to the mag-
netic anisotropy of amorphous TbFe2 , have been
reported.1–5 For example, a labyrinth, maze structure of
closely spaced black and white walls was observed in the
amorphous TbFe films by transition electron microscopy
~TEM!.1 However, since TEM required the film to be
stripped from the Si substrate, the perpendicular anisotropy
due to the stress between the films and the substrate was not
reflected in the domain structure. This shortcoming was over-
come by magnetic force microscopy ~MFM!, which offered
high lateral resolution ~;50 nm! with minimal sample
preparation.6 But MFM studies showed very different do-
main structures in TbFe2 amorphous thin films such as stripe
domain structure,2 mazelike domain structure,3 branched-
structure domain,4 and honeycomb domain structures5 due to
the different film characteristics.
In this work, MFM measurements were performed on
the amorphous TbFe thin film with perpendicular magnetic
anisotropy with various scanning heights and opposite tip
magnetization directions. Honeycomb domain structures
were found. The domain structures were composed of many
small white round dots ~magnetization direction up! embed-
ded in the black ~magnetization direction down! matrix,
which formed an irregular hexagonal pattern with some de-
formation. Charge contrast and susceptibility contrast were
separated by forming the difference and sum of two images
with opposite tip magnetization. The z component of both the
magnetization and the stray field of the dots were determined
quantitatively within the point probe approximation.
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loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP liThe details of sample preparation can be found in a pre-
vious paper.5 Thin film studied here is 250 nm thick, with
uniaxial anisotropy of 3.153105 J/m3, the saturation magne-
tization is about 5.13105 A/m. The MFM study was per-
formed by using a Digital Instrument ~DI! Dimension 3000
scanning probe microscope operating in the tapping/lift
mode, which combines constant interaction and constant
height modes to separate topographic and magnetic signals.
The MFM tips were magnetized perpendicular to the sample
surface with different opposite direction. The scan height
was varied from 15–200 nm. The signal of MFM reflects the
phase shifts of the cantilever oscillation, which is sensitive to
the second vertical derivatives of the stray field.
Figures 1~a! and 1~b! present the magnetic images of the
FIG. 1. MFM images of the amorphous TbFe thin film with opposite tip
magnetization ~a! and ~b! together with difference ~charge! image ~c! and
sum ~susceptibility! ~d!.4 © 2003 American Institute of Physics
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Downamorphous TbFe thin film with opposite tip direction. The tip
is magnetized down ~a! and up ~b!, respectively. Because its
uniaxial perpendicular anisotropy, domain structure appeared
in the MFM images as areas of different contrast, dark or
light, indicating the magnetization will be oriented either into
or out of the plane. The domain structures are composed of
many small white round dots, which form an irregular hex-
agonal pattern with some deformation. The hexagonal sym-
metry is found to exist in many local areas, while the defor-
mation may be related to the defects or inhomogeneity in the
amorphous film. This domain structure is similar to the hon-
eycomb domain structure in thin magnetoplumbite single
crystals.7 Due to stronger perpendicular anisotropy in the
amorphous TbFe film, the dot size is much smaller than the
former, also the domain shapes are slightly different between
the two cases: a round dot shape in a-TbFe film while hex-
agonal prisms in thin magnetoplumbite single crystals.
An alternative interpretation of the contrast in magnetic
force microscopy images is the magnetic charge theory as
proposed by Hubert et al.8 The approach is based on rewrit-
ing the interaction energy between tip and sample as a con-
volution of the scalar potential of the tip field with the mag-
netic charges of the sample. Because the potential of
conventional tip geometries to be sharply localized, in the
weak interaction limit magnetic force image reflects mag-
netic charges. In the limit of weak interaction, i.e., for rigid
tip and sample magnetization, the vertical tip magnetization
immediately maps the charge distribution that is often ~in the
case of polar magnetization! directly related to the sample
magnetization. Another contrast is susceptibility contrast re-
lated to reversible changes either in the tip or in the sample
magnetization due to interactions that cause an additional
attraction. For the case of a rigid tip the MFM scans the local
susceptibility of the sample.
Charge and linear susceptibility contrast can be sepa-
rated by forming sum and difference images with oppositely
magnetized tips, provided that nonlinear effects and irrevers-
ibilities ~hysteresis contrast! can be avoided, as shown in
Figs. 1~c! and 1~d!. From Figs. 1~a!–1~d!, the image rms
~roughness mean square! is 2.268 ~a!, 2.483 ~b!, 4.571 ~c!,
and 1.337 ~d!. The rms of the Fig. 1~c! ~charge contrast! is
nearly the sum of the rms of Figs. 1~a! and 1~b!. There is
very large susceptibility contrast in Fig. 1~d!. However, com-
pared with the studied film that has a high coercivity (Hc is
about 1 T!, the tip cannot be treated as a rigid one (Hc is
about 400 Oe!. Figure 2 shows the result of magnetic images
of the film during application of a magnetic field from 0 to
400 to 0 Oe. When the magnetic field is slightly increased,
the magnetic image remains nearly unchanged ~for example,
H5200 Oe). We found that when the magnetic field in-
creases to 400 Oe, the image suddenly reversed. However,
such a reverse did not result from the magnetization of the
film, but the reverse of magnetization of the tip ~while the
actual domain pattern of the film remains unchanged!. When
the field was reduced to zero, a blurred image was obtained
due to the irregular magnetization state of the tips
Once the magnetic properties of MFM tips, such as ef-
fective monopole and dipole moment and their respective
positions on the z axis with respect to the tip apex are known,loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP liMFM can be applied as a quantitative probe, for example,
one can determine the z component of both the magnetiza-
tion and the stray field of a single domain magnetic with
perpendicular magnetic anisotropy.9
Figure 3 shows the magnetic image of a single dot with
various scanning heights. The dot size is about 125 nm, the
contrast ~phase signal! shows a strong decrease with the in-
creasing scanning height d. Figure 4 shows the MFM re-
FIG. 2. MFM images of amorphous TbFe thin film under a different mag-
netic field.
FIG. 3. MFM images of amorphous TbFe thin film with various scanning
height.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
8536 J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Sun et al.
Downsponse, i.e., the phase shift of the central line cross section
@Fig. 4~a!#, the experimentally measured phase shift as a
function of lift height d within 15 nm and 150 nm along the
z axis above the center of the dot @Fig. 4~b!#.
It has been proven that any quantitative analysis of
MFM images within the point probe approximation may
only be performed by using either but exclusively the point
monopole or the point dipole contribution of the MFM tip.10
Within the point probe approximation, only considering
point monopole contribution of the MFM tips, the phase shift
of the tip vibration due to a force gradient resulting from the
first and second derivative of the z component of a magnetic
field acting upon the tip can be expressed as11
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FIG. 4. Phase signal of the central line section with various scanning height
~a! and the scanning height-dependence of phase shift at a central point of
the dot, the solid line is the theoretical fit with the point probe approxima-
tion.loaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP liwhere m0 is the permeability of free space, q is the monopole
moment, R is the dot radius, t is the thickness, Q5224620
is the quality factor, and k5260.2 N/m is the spring con-
stant of the tip used for the present analysis. d is the experi-
mentally controllable lift height of the tip. M 0 is the rema-
nent magnetization. dq is the positions of the point monopole
on the z axis within the tip with respect to the tip apex. If
either q and dq are known, then the dot magnetization M 0 is
the only remaining fit parameter, which can be obtained
when fitting the measured MFM phase shift as a function of
the tip lift height d. From previous work10 on the calibration
of commercially available thin film MFM tips ~typical Mag-
netic Etched Silicon Probe!, coated with a ferromagnetic
CoCr alloy, one can get q5177.43R1.65 and dq
5371.22R1.46. For R5125 nm ~the radius of the dot we
studied!, we obtain q57.2310210 A m, dq531 nm. One
can deduce that M 0 is 4.83105 A/m, which is very near to
M s of 5.13105 A/m as determined by a superconducting
quantum interference device magnetometer.5 The fit is also
shown in Fig. 4~b! as a full line, which is fit well with the
experimental phase shift.
In conclusion, MFM measurements were performed with
various scanning heights and opposite tip magnetization di-
rections. Charge contrast and susceptibility contrast were
separated by forming the difference and sum of two images
with opposite tip magnetization. The z component of both the
magnetization and the stray field of the dots were determined
quantitatively within the point probe approximation. The z
component of both the magnetization and the stray field of
single domain dots with perpendicular magnetic anisotropy
were determined.
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